We report the discovery of four close-in transiting exoplanets (HATS-50b through HATS-53b), discovered using the HATSouth three-continent network of homogeneous and automated telescopes. These new exoplanets belong to the class of hot Jupiters and orbit G-type dwarf stars, with brightness in the range V = 12.5 − 14.0 mag. While HATS-53 has many physical characteristics similar to the Sun, the other three stars appear to be metal rich ([Fe/H] = 0.2 − 0.3), larger and more massive. Three of the new exoplanets, namely HATS-50b, HATS-51b and HATS-53b, have low density (HATS-50b: 0.39±0.10 M J , 1.130±0.075 R J ; HATS-51b: 0.768±0.045 M J , 1.41±0.19 R J ; HATS-53b: 0.595±0.089 M J , 1.340 ± 0.056 R J ) and similar orbital period (3.8297 d, 3.3489 d, 3.8538 d, respectively). Instead, HATS-52b is more dense (mass 2.24 ± 0.15 M J and radius 1.382 ± 0.086 R J ) and has a shorter orbital period (1.3667 d). It also receives an intensive radiation from its parent star and, consequently, presents a high equilibrium temperature (T eq = 1834±73 K). HATS-50 shows a marginal additional transit feature consistent with an ultra-short period hot super Neptune (upper mass limit 0.16 M J ), which will be able to be confirmed with TESS photometry. 
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INTRODUCTION
Ground-based transit surveys, based on small robotic telescopes, are a versatile tool for the detection of transiting exoplanets and the precise measurement of planetary radii and masses. They have provided key contributions to exoplanetary science by discovering extremely interesting objects (e.g. WASP-12b: Hebb et al. 2009; GJ 1124b : Charbonneau et al. 2009 , HAT-P-11b: Bakos et al. 2010) , and are still revealing astonishing planetary systems (some of the most recent ones are, for example, GJ 1132: Berta- Thompson et al. 2015 ; XO-2: Burke et al. 2007; Desidera et al. 2014; Damasso et al. 2015; WASP-47: Hellier et al. 2012; Becker et al. 2015; Trappist-1: Gillon et al. 2016; KELT-9: Gaudi et al. 2017) .
Due to observational and instrumental limitations, these surveys are particularly sensitive for detecting hot Jupiters, which are a class of exoplanets formed by gas giant planets, similar to Jupiter in terms of size, mass and composition, but having shorter orbital periods (P orb < 10 days). Considering the proximity to their parent stars and since they are more massive and larger than ice and rocky planets, hot Jupiters are often excellent targets for the follow-up characterization of their physical properties and atmospheres.
Thanks to the efforts of various teams (e.g. HATNet: Bakos et al. 2004 ; WASP: Pollacco et al. 2006 ; KELT: Pepper et al. 2007 Pepper et al. , 2012 MEarth: Charbonneau et al. 2009 ; QES: Alsubai et al. 2013; NGTS: Wheatley et al. 2017) , who set up and ran ground-based surveys for many years, we currently know roughly 300 hot Jupiters, whose physical and orbital parameters have been well determined. However they represent less than 10% of ≈ 3500 confirmed exoplanets 1 . In fact, one of the greatest achievements obtained by the Kepler space-telescope survey (Borucki et al. 2011) was to establish the statistical abundance of the different classes of exoplanets in the Galaxy, revealing that giant planets are rarer than smallsize rocky and Neptunian-type planets (Fressin et al. 2013; Dressing & Charbonneau 2013) . However, even though hot Jupiters are relatively rare, there are many open questions which make these bodies extremely interesting to study.
Debated are the theories that have been proposed to explain their formation and evolution, including in-situ scenarios (Bodenheimer et al. 2000; Boley et al. 2016; Batygin et al. 2016) and physical mechanisms that reasonably forced them to migrate, from the snowline, so 1 Data taken from the NASA Exoplanet Archive: https://exoplanetarchive.opac.caltech.edu close to their parent star (Lin et al. 1996; Rasio & Ford 1996; Fabrycky & Tremaine 2007; Chatterjee et al. 2008; Marzari & Nelson 2009; Bitsch & Kley 2011) . It remains to be fully understood why giant exoplanets with similar masses present such a wide range of radii (see Thorngren & Fortney 2017) . Particularly intriguing is, finally, the fact that the most recent studies of hot-Jupiters atmospheres have shown a wide range of different results, including Rayleigh scattering, Na and K absorption, detection of molecules, like H 2 O and titanium oxide, and flat transmission spectra probably caused by the presence of thick clouds or hazes (Sing et al. 2016; Sedaghati et al. 2017) .
In order to give the right answers to these and other theoretical and phenomenological questions concerning hot Jupiters, it is mandatory to have a large enough sample for statistical studies. Ground-based surveys have been conceived for this purpose and the current challenge is to try to fill all the parameter space of exoplanet properties, in particular those zones where the investigation is particularly hard due to observational biases.
In this context, we are undertaking the HATSouth project with the aim to detect new transiting exoplanet systems. The HATSouth survey consists of a network of 24 homogeneous telescopes, which are mounted on six automated units distributed in pairs over three continents (South America, Africa, and Australia). The large number of telescopes and the wide separation between the HATSouth stations increases the sensitivity to exoplanets orbiting faint stars (12 mag < V < 16 mag) and having long orbital periods (> 10 days) .
In this work, we present four new transiting extrasolar planets: HATS-50b, HATS-51b, HATS-52b and HATS53b. The paper is organized as follows: in Sect. 2 we describe the detection of the photometric transit signal by the HATSouth survey and the spectroscopic and photometric follow-up observations performed to confirm the exoplanetary nature of the candidates. Then, in Sect. 3, we jointly analyze the data to determine the stellar and planetary parameters, ruling out false positive scenarios. Our results are finally summarized and discussed in Sect. 4.
OBSERVATIONS

The HATSouth survey
The four new exoplanets reported in this work have been detected thanks to the HATSouth survey 2 . This is a network of robotic widefield telescopes, composed of six identical units located in three stations. The stations are distributed over three continents in the southern hemisphere, i.e. Las Campanas Observatory (LCO) in Chile, the H.E.S.S. site in Namibia, and Siding Spring Observatory (SSO) in Australia. Each unit consists of a single mount with four 18 cm Takahashi astrographs with a focal length of 500 mm, and four Apogee U16M Alta CCD cameras, which have 4k×4k pixels of size 9.0 µm. With a plate scale of 3.7 arcsec pixel −1 , the total mosaic field-of-view on the sky is 8
• × 8
• . The survey operates in the visual, through Sloan-r filters, and the scientific images are obtained using an exposure time of 4 minutes. They are then automatically calibrated with bias, dark and flat images and are stored in the HATSouth archive at Princeton University. Each stellar field is monitored for roughly 2 − 3 months from each station, in order to get a 24 h coverage, thus exploiting the great advantage coming from their large separation in longitude. Once a long time-series sequence (> 7 000 images) for a single field is collected, then aperture photometry is performed to get light curves for each star with 9 r 16 mag in the field. The resulting light curves are treated with decorrelation and detrending algorithms 3 and, finally, we look for possible transiting-planet periodic signals by running the BLS (Box-fitting Least Squares; Kovács et al. 2002) code for each of them. Planet candidates detected from the survey undergo spectroscopic characterization and, finally, their planetary nature is confirmed or excluded by precise radial-velocity measurements and photometric follow-up observations .
Since first light in 2009, the HATSouth survey has so far produced 6.25 million light curves for 5.07 million stars from observations covering 2609 square degrees. This is due to the overlap between the pointing of the cameras on a single mount, and between the different pointing positions we use to tile the sky into target fields. As a matter of fact, some stars have multiple light curves from different cameras and pointing positions (e.g. HATS-4: Jordán et al. 2014) . Based on these observations, we have so far identified 1883 candidate transiting planets of which 1120 of them have undergone follow-up observations. This leads so far to the determination that 636 of the candidates are false alarms or false positives, while we confirmed and published 44 planets.
Notable cases are: the two super-Neptunes HATS-7b and HATS-8b ; 3 External Parameter Decorrelation (EPD; Bakos et al. 2010) ; Trend Filtering Algorithm (TFA; Kovács et al. 2005) .
HATS-6b, a warm Saturn-mass exoplanet orbiting a M star ; HATS-17b, the longest period transiting exoplanet discovered so far by a widefield ground-based photometric survey (Brahm et al. 2016 ); HATS-18b, an extremely short-period planet spinning-up its host star (Penev et al. 2016) ; the detection of several very low mass stars (0.1 − 0.2 M ⊙ ) in eclipsing binary systems (Zhou et al. 2014 (Zhou et al. , 2015 .
Currently, dozens of other exoplanets have been confirmed by the HATSouth team and are undergoing analysis and preparation for publication.
Photometric detection
This study presents the discovery of four new transiting planetary systems, which were detected following the procedure described above, and confirmed based on follow-up observations as described in the next sections; the new systems are HATS-50, HATS-51, HATS-52 and HATS-53. Each of them are composed of a moderately bright G-type star and a hot-Jupiter-type planet. The orbital periods are 3.8297 d, 3.3489 d, 1.3667 d and 3.8538 d for HATS-50b, HATS-51b, HATS52b and HATS-53b, respectively, implying that we are dealing with new close-in hot Jupiters. Stellar coordinates, magnitudes and cross-identifications are shown in Table 5 . In particular, the magnitudes of the fours stars in the optical bands were taken from APASS (Henden et al. 2009 ), as listed in the UCAC 4 catalogue (Zacharias et al. 2012) , while those in the NIR bands are from the 2MASS catalogue.
A summary of the HATSouth photometric observations for these objects is reported in Table 1 . In particular, the four stars were observed thousands of times by the HATSouth telescopes between March 2010 and July 2013; the corresponding phase-folded light curves are plotted in Figure 1 , clearly showing typical transitingplanet signals with transit depths around 1 − 2%.
Searching for additional periodic signals in the time-series survey data
After having detected the planetary signals, we further analyze each of the four data sets to search for potential stellar variability/activity and additional periodic signals due to other transiting planets. This analysis was carried out by running BLS on the residuals of each HATSouth light curve, and studying the Generalized Lomb-Scargle periodogram (GLS; Zechmeister & Kürster 2009 ). The results of these additional checks are the following.
• By running BLS, we did not detected any significant periodic transit signal in the residuals of the HATS-51, HATS-52 and HATS-53 light curves. For the case of HATS-50, we noticed a marginal transit signal with a period of 0.76624822 days, T C = 2455274.38586, depth of 3.2 mmag, and duration of 46 minutes (bottom panel of Fig. 2 ). The candidate transit signal has a S/N of 7.5 in the phase-folded light curve and a BLS SignalDetection-Efficiency (SDE) value of 7.38. Even though this signal is below our threshold for selecting candidates to follow-up (top panel of Fig. 2) , it is worth noting it given the presence of the confirmed hot Jupiter and the possibility of close companions to hot-Jupiters (Becker et al. 2015) . Therefore, HATS-50 could be an interesting target for a further short-cadence, time-series photometric monitoring with a more precise instrument, like TESS (Ricker et al. 2017) . However, given the density of the host star HATS-50, inferred from modelling the transits of HATS-50b (see Table 5), and the duration of the transits for the candidate signal, the candidate planet would have an orbital inclination that differs by more than 10
• from that of the hot Jupiter. We finally note that a Mandel & Agol (2002) model fit indicates an implied radius in the super-Neptune regime. So, if this signal was really caused by an additional transiting planet, it would be firmly in the Neptune desert.
• By running GLS, we did not detect any significant periodic signal in the GLS spectrum of the light curve obtained for HATS-50, HATS-51 and HATS-53. For these three systems, we placed a 95% confidence upper limit of 0.95 mmag on the amplitude of any periodic signal between 0.01 days and 100 days. For HATS-52, we detected a sinusoidal signal with a periodicity of P = 15.63703 ± 0.00066 days and an amplitude of 1.23 ± 0.25 mmag. The peak has a signal-to-noise ratio of 20.3 in the spectrum, a periodogram value of ∆χ 2 /χ 2 0 = 0.0054, and a false alarm probability (FAP), assuming Gaussian white noise, of 2×10 −5 .
We also assessed the FAP of GLS by performing a bootstrap analysis and obtaining a distribution of peak signals. From this, we estimated a more accurate false alarm probability of 9 × 10 −5 .
This sinusoidal periodic signal can be related to the stellar activity and, therefore, presumably indicates its rotation period. However, considering that HATS-52 has a radius of R ⋆ = 1.046 ± 0.058 R ⊙ (see Table 5 ), this value of P implies that v eq = 3.60 ± 0.59 km s −1 for HATS-52, which is 1.5σ below the spectroscopically determined value of v sin i = 4.59 ± 0.64 km s −1 . So, there is a slight tension between these measurements if we identify the photometric periodicity of P = 15.6 days with the rotation period of the star. HS-1 and -2 are located at Las Campanas Observatory in Chile, HS-3 and -4 are located at the H.E.S.S. site in Namibia, and HS-5 and -6 are located at Siding Spring Observatory in Australia. Each unit has 4 CCDs. Each field corresponds to one of 838 fixed pointings used to cover the full 4π celestial sphere. All data from a given HATSouth field and CCD number are reduced together, while detrending through External Parameter Decorrelation (EPD) is done independently for each unique unit+CCD+field combination.
b The median time between consecutive images rounded to the nearest second. Due to factors such as weather, the day-night cycle, guiding and focus corrections the cadence is only approximately uniform over short timescales. c The RMS of the residuals from the best-fit model. a S/N per resolution element near 5180Å.
Spectroscopic Observations
b For high-precision RV observations included in the orbit determination this is the zero-point RV from the best-fit orbit. For other instruments it is the mean value. We do not provide this quantity for the lower resolution WiFeS observations which were only used to measure stellar atmospheric parameters, or for the Keck-I/HIRES spectra of HATS-50 from which only relative velocities have been measured.
c For high-precision RV observations included in the orbit determination this is the scatter in the RV residuals from the best-fit orbit (which may include astrophysical jitter), for other instruments this is either an estimate of the precision (not including jitter), or the measured standard deviation. We do not provide this quantity for low-resolution observations from the ANU 2.3 m/WiFeS.
d We list here the total number of spectra collected for each instrument, including observations that were excluded from the analysis due to very low S/N or substantial sky contamination. For HATS-50 we excluded one CORALIE spectrum and 5 FEROS spectra from the analysis. For HATS-51 we excluded 3 CORALIE spectra. The first step that was undertaken in confirming the planetary nature of the four planetary candidates was to obtain a spectral reconnaissance of their host stars. This allows us to rule out the usual false positive cases (giant stars, binary systems, and blending with faint eclipsing-binary systems). For this purpose, we used the Wide Field Spectrograph (WiFeS; Dopita et al. 2007 ), mounted on the ANU 2.3 m telescope at SSO. The spectroscopic parameters were estimated by taking lowresolution spectra (R = 3000). All the four targets were identified as dwarf stars. We also took mediumresolution spectra (R = 7000), with the aim to search for possible RV variations at the ∼ 2 km s −1 level, which are useful to rule out possible stellar companions. Details about the data reduction and the processing of the WiFeS spectra are summarized in Bayliss et al. (2013) .
Precise RV measurements of the targets were then acquired by using several medium-and large-class telescopes, equipped with high-resolution spectrographs and working on wide ranges of optical wavelengths. They are summarized in Table 2 , together with their main characteristics. With these instruments, it was possible to measure periodic RV variation of the stars, which is compatible with the presence of planet-type objects orbiting around them. In particular, we mainly used the FEROS spectrograph (Kaufer & Pasquini 1998) , which is mounted on the MPG 2.2 m telescope at the ESO Observatory in La Silla, for monitoring the four targets. Other spectra were collected thanks to CORALIE (Queloz et al. 2001 ) on the Euler 1.2 m telescope, HARPS (Mayor et al. 2003) on the ESO 3.6 m telescope, which are also located at the La Silla observatory, and CYCLOPS mounted on the 3.9 m AngloAustralian Telescope at SSO. For the case of HATS-50, which is the faintest star of the four (V = 14.0 mag), we needed higher signal-to-noise (S/N) measurements. These were obtained by taking seven spectra with the HIRES spectrograph (Vogt et al. 1994 ) on the Keck-I 10 m telescope at Mauna Kea Observatory in Hawaii.
More details about the instruments, the data reduction and the computation of the corresponding RVs can be found in the previous works of the HATSouth team, e.g. Penev et al. (2013) ; Mohler-Fischer et al. (2013) ; Bayliss et al. (2013) . In particular, HARPS, FEROS and CORALIE spectra were analysed with the method described in Jordán et al. (2014) and Brahm et al. (2017b) , while those coming from CY-CLOPS in Addison et al. (2013) . Finally, we refer the reader to Bakos et al. (2015) and Howard et al. (2010) for the analysis of the Keck/HIRES spectra.
The values of the RV measurements are reported in Table 3 , while the phased RVs and bisector spans (BS) are plotted for each system in Figure 3 . We also used the FEROS high-resolution spectra for an accurate determination of the stellar spectroscopic parameters (effective temperature, metal abundance and projected rotational velocity) by applying the ZASPE (Zonal Atmospherical Stellar Parameter Estimator) routine (Brahm et al. 2017a ). This analysis is discussed in Sect. 3.1.
Photometric follow-up observations
Another important step for confirming and characterizing a transiting exoplanetary system consists of performing photometric follow-up observations of transit events. We can thus derive more precise measurements, with respect to the survey data, of the transit depth, duration, mid-transit time and contact points of the corresponding light curves. An accurate knowledge of these photometric parameters are vital for robustly constraining the orbital parameters of the system and the physical parameters of both the star and the planet. and HATS-53 (lower right). The instruments used are labelled in the plots. In each case we show three panels. The top panel shows the phased measurements together with our best-fit model (see Table 6 ) for each system. Zero-phase corresponds to the time of mid-transit. The center-of-mass velocity has been subtracted. The second panel shows the velocity O − C residuals from the best fit. The error bars include the jitter terms listed in Table 6 added in quadrature to the formal errors for each instrument. The third panel shows the bisector spans (BS). Note the different vertical scales of the panels. One complete transit event was observed with the PEST 0.3 m telescope 4 for HATS-50b, HATS-52b, and HATS-53b through a R-band filter. Details of this telescope and the method used for reducing the data are described in Zhou et al. (2014) . Other eleven transit light curves of the four targets were recorded using the 1-m telescopes (CTIO, SAAO, SSO) in the Las Cumbres Observatory Global Telescope network (LCOGT: Brown et al. 2013) and Sloan-i ′ filters. The LCOGT telescopes and the corresponding data reduction are described in Hartman et al. (2015) . An excerpt of these observations is reported in Table 1 . The light curves are plotted in Figures 4, 5, 6 , and 7, for HATS-50, HATS-51, 4 http://pestobservatory.com HATS-52, and HATS-53, respectively, and are compared to our best-fit models.
Lucky Imaging
Lucky imaging observations were obtained through a z ′ filter for the HATS-51 and HATS-52 systems using the Astralux Sur camera (Hippler et al. 2009 ) on the New Technology Telescope (NTT), at La Silla Observatory in Chile, on the nights of 2015 December 22 and 23. Observations with this facility were carried out and reduced following Espinoza et al. (2016) , but a plate scale of 15.20 mas pixel −1 (derived in the work of Janson et al. 2017) was used. Figure 8 shows the reduced final images for each system, while Figure 9 shows the contrast curves based on these images produced using the technique and software described in Espinoza et al. (2016) . For HATS-52 a neighboring source is clearly detected at a distance of 2.74 ± 0.03 arcsec to the east and 0.79 ± 0.03 arcsec to the south from the target (i.e., at a distance of 2.85 ± 0.03 arcsec from the target), with ∆z ′ = 2.457 ± 0.013 mag, relative to the target. Based on the photometric follow-up observations of this system that were carried out with the LCOGT 1 m telescope network (Section 2.5), we were able to determine that the transits occur around the star HATS-52, and not the neighbor. The final combined image has an effective FWHM of 0.
′′ 0722 ± 0. ′′ 0050. The same source was detected by the GAIA space observatory (GAIA Data Release 1; Linegren et al. 2016) at ≈ 2.
′′ 8 separation to the East from HATS-52, with ∆G GAIA = 2.26. Closer sources were not detected.
For HATS-51 no neighbors were detected with the Astralux Sur camera (effective FWHM of 0.
′′ 0431±0. ′′ 0053), neither with GAIA within 10 ′′ . Instead, based on GAIA data, we report that HATS-50 has a neighbor at 2.
′′ 1 to the east (∆ G = 2.97), while HATS-53 has no neighbors within 8. ′′ .
ANALYSIS
Here we describe the analysis of the observational data, which were presented in the previous section, with the aim to get complete physical characterizations of the HATS-50, HATS-51, HATS-52 and HATS-53 planetary systems.
Properties of the parent star
As anticipated before, we used high-resolution FEROS spectra for determining the atmospheric properties (metallicity, effective temperature and surface gravity) of the four stars. The spectra were analysed with the ZASPE routine, which is comprehensively described in Brahm et al. (2017a) .
Then, we followed the methodology of Sozzetti et al. (2007) for determining other stellar parameters (mass, radius, luminosity, age, etc.) together with their uncer- tainties. In brief, we performed a Markov chain Monte Carlo (MCMC) global analysis of our photometric and spectroscopic data, based on (i) the stellar effective temperature, T eff⋆ , and stellar metal abundance, [Fe/H], which were both determined with ZASPE, (ii) the stellar mean density, ρ ⋆ , estimated by modelling the photometric transit light curves, and (iii) using the YonseiYale (YY; Yi et al. 2001 ) evolutionary tracks. We determined the YY isochrones for each of the four systems over a wide range of ages. The values of the stellar parameters were obtained from the best agreement between the resulting values of ρ ⋆ and T eff⋆ and those estimated from the data. Figure 10 shows the locations of each star on an T eff⋆ -ρ ⋆ diagram. From this analysis, we kept the values of the stellar logarithmic surface gravities, log g ⋆ , and used them as fixed parameters for a second iteration with ZASPE, which returned the final values of the parameters of the four stars. They are reported in Table 5 and all our objects are G-type stars.
The most likely values for T eff⋆ and ρ ⋆ for HATS-52 fall at a higher density than the lowest age isochrone tabulated in the models (see bottom-left panel in Figure 10 ). The models and observations are consistent within 2σ. For determining the physical parameters of this star we exclude any T eff⋆ -ρ ⋆ -[Fe/H] point in the Markov chain which does not match to a stellar model. In Table 5 we list for each star the median stellar density based both on the full Mark chain (i.e., without enforcing a match to the stellar models) and on the chain after excluding points that do not match to a model. We note that, while HATS-53 has physical characteristics similar to the Sun (T eff⋆ = 5644 ± 94, to its large radius (R ⋆ = 1.44 ± 0.18 R ⊙ ). Moreover, our analysis indicates that HATS-50 and HATS-52 are quite b Barycentric Julian Date is computed directly from the UTC time without correction for leap seconds. c The out-of-transit level has been subtracted. For observations made with the HATSouth instruments (identified by "HS" in the "Instrument" column) these magnitudes have been corrected for trends using the EPD and TFA procedures applied prior to fitting the transit model. This procedure may lead to an artificial dilution in the transit depths. The blend factors for the HATSouth light curves are listed in Table 6 . For observations made with follow-up instruments (anything other than "HS" in the "Instrument" column), the magnitudes have been corrected for a quadratic trend in time, and for variations correlated with up to three PSF shape parameters, fit simultaneously with the transit. 
Note-This table is available in a machine-readable form in the online journal. A portion is
shown here for guidance regarding its form and content. 
Radial distance (arcsec)
HATS-52 Figure 9 . Contrast curves for HATS-51 (left), and HATS-52 (right) based on our AstraLux Sur z ′ − band observations. Gray bands show the uncertainty given by the scatter in the contrast in the azimuthal direction at a given radius. The neighbor to HATS-52 is marked with the red filled circle. young, i.e. 1.2 ± 1.1 Gyr and 1.2 +1.5 −1.1 Gyr, respectively; these estimates are both consistent with their Zero Age Main Sequence implying a 95% confidence upper limit on the age of t < 3.9 Gyr and t < 3.8 Gyr, for HATS-50 and HATS-52 respectively. HATS-51 has an intermedi-ate age (4.74 +0.70 −0.51 Gyr), whereas HATS-53 is quite old (9.0 ± 1.9 Gyr).
We also estimated the distance of the four stars by comparing their broad-multi-band photometry taken from public astronomical archives (see Table 5 ) with the predicted magnitudes in each filter from the isochrones. The extinction was determined assuming a R V = 3.1 law from Cardelli et al. (1989) . For a consistency check, we used the NED online extinction calculator, based on Galactic extinction maps, for estimating the expected total line of site extinction for each source. Three of them (HATS-51, HATS-52 and HATS-53) passed this check, as we found values greater than the inferred A V . In the case of HATS-50, our estimated A V is very close to the value determined from the dust maps.
Excluding blend scenarios
In order to exclude blend scenarios we carried out an analysis following Hartman et al. (2012) . We attempt to model the available photometric data (including light curves and catalog broad-band photometric measurements) for each object as a blend between an eclipsing binary star system and a third star along the line of sight. The physical properties of the stars are constrained using the Padova isochrones (Girardi et al. 2000) , while we also require that the brightest of the three stars in the blend has atmospheric parameters consistent with those measured with ZASPE. We also simulate composite cross-correlation functions (CCFs) and use them to predict RVs and BSs for each blend scenario considered. The results for each system are as follows:
• HATS-50 -all blend models tested for this system can be rejected in favor of a model of a single star with a planet with greater than 3σ confidence based solely on the photometry. Moreover the blend models that come closest to fitting the photometric data (those rejected with less than 5σ confidence) would yield large bisector span variations in excess of 1 km s −1 , whereas the measured scatter in the BS values is only 62 m s −1 based on FEROS. Based on this we conclude that HATS-50 is not a blended stellar eclipsing binary system.
• HATS-51 -we find that the best-fit blend models are indistinguishable from the best-fit planet model based on the photometry. However, all blend models tested which fit the photometry (i.e., those which cannot be rejected in favor of the bestfit single-star plus planet model with at least 5σ confidence) would have been easily identified as composite systems based on the spectroscopy, with BS and/or RV variations in excess of 1 km s −1 . For comparison the measured FEROS BSs have a scatter of 46 m s −1 . Based on this we rule out stellar eclipsing binary blend scenarios.
• HATS-52 -similar to HATS-50, all blend models tested for this system can be rejected in favor of a model of a single star with a planet with greater than 3σ confidence based solely on the photometry, while blend models that come closest to fitting the photometric data (those rejected with less than 5σ confidence) would yield large bisector span variations in excess of 1 km s −1 . In this case measured scatter in the BS values is 96 m s −1 based on FEROS. Based on this we conclude that HATS-52 is not a blended stellar eclipsing binary system.
• HATS-53 -similar to HATS-50, all blend models tested for this system can be rejected in favor of a model of a single star with a planet with greater than 4σ confidence based solely on the photometry, while blend models that come closest to fitting the photometric data (those rejected with less than 5σ confidence) would yield large bisector span variations in excess of 1 km s −1 . In this case measured scatter in the BS values is 47 m s −1 based on FEROS. Based on this we conclude that HATS-53 is not a blended stellar eclipsing binary system.
Global modeling of the data
The physical parameters of the four planetary systems were estimated by modelling the HATSouth photometry, the follow-up photometry, and the high-precision RV measurements. For this task, we followed the robust procedures developed by the HAT team, which are exhaustively described in several of their exoplanetdiscovery papers (e.g. Pál et al. 2008; Bakos et al. 2010; Hartman et al. 2012 Hartman et al. , 2015 . Here we give a brief summary.
The transit light curves taken by the HATSouth telescopes ( Figure 1) were fitted by using Mandel & Agol (2002) models and considering possible dilution of the transit depth; this was done for taking care possible (i) blending from neighboring stars (ii) or over-correction made when the light curves were detrended during the reduction phase.
Concerning the photometric follow-up observations (Figures 4, 5, 6 , and 7), the systematic noise of each data set was corrected during the modeling of the corresponding light curve, by including a quadratic trend in time. We also included linear trends with three parameters describing the measured shape of the PSF. These Note-For all four systems we adopt a model in which the orbit is assumed to be circular. See the discussion in Section 3.3.
a ZASPE = Zonal Atmospherical Stellar Parameter Estimator routine for the analysis of high-resolution spectra (Brahm et al. 2017a ), applied to the FEROS spectra of each system. These parameters rely primarily on ZASPE, but have a small dependence also on the iterative analysis incorporating the isochrone search and global modeling of the data.
b The error on γRV is determined from the orbital fit to the RV measurements, and does not include the systematic uncertainty in transforming the velocities to the IAU standard system. The velocities have not been corrected for gravitational redshifts.
c From GAIA Data Release 1 (Linegren et al. 2016) . HATS-50 has a neighbour at 2.1 ′′ to the east (∆ G = 2.97); HATS-51 has no neighbour within 10 ′′ ; HATS-52 has a neighbour at 2.8 ′′ to east (∆ G = 2.26). HATS-53 has no neighbour within 8 ′′ .
d From APASS DR6 for as listed in the UCAC 4 catalog (Zacharias et al. 2012 ).
e YY+ρ⋆+ZASPE = Based on the YY isochrones (Yi et al. 2001) , ρ⋆ as a luminosity indicator, and the ZASPE results.
f In the case of ρ⋆ we list two values. The first value is determined from the global fit to the light curves and RV data, without imposing a constraint that the parameters match the stellar evolution models. The second value results from restricting the posterior distribution to combinations of ρ⋆+T eff⋆ +[Fe/H] that match to a YY stellar model. were included to account for possible variations in the photometry resulting from PSF-shape changes that can happen during the transit observation due to poor guiding or non-photometric conditions.
The RV curves, which we presented in Sect. 2.4, are composed of points that were measured with different spectrographs, which can present different zero-points and can be affected by RV jitter as well. Therefore, we modelled the RV curves (Figure 3) with Keplerian orbits considering the zero-point and the RV jitter for each instrument as free parameters.
Finally, the values of the physical parameters of the exoplanetary systems were obtained by exploring their parameter spaces by means of a Differential Evolution Markov Chain Monte Carlo procedure. This allowed to identify the most likely values for the parameters together with their 1σ confidence interval.
We also investigated the possibility that the orbits of the four planets are eccentric. This was done by performing the joint fit of each of the four data sets with both fixed circular orbits and free-eccentricity models.
Then we estimated the Bayesian evidence for each scenario following the method of Weinberg et al. (2013) . This method involves using the Markov Chains produced in modelling the observations to identify a region of high posterior probability which dominates the Bayesian evidence, and then carrying out a Monte Carlo integration over this small domain to estimate the evidence. We find that in all cases a model with a fixed circular orbit has a higher Bayesian evidence than a model where the eccentricity is allowed to vary, and we adopt the fixed circular orbit model for each system.
The resulting parameters for each system are reported in Table 6 and indicate that three of the planets are puffy, low-density, hot giants (HATS-50b, HATS-51b and HATS-53b) with 3 d< P orb < 4 d, while the fourth (HATS-52b) is a high-density, massive (M p ≈ 2.2 M J ), close-in (P orb = 1.37 d; a ≈ 0.025 au; T eq ≈ 1830 K) hot Jupiter. The fours planets have a radius larger than Jupiter, and the least massive of the four is HATS-50b with a mass of ≈ 0.4 M J . Note-For all four systems we adopt a model in which the orbit is assumed to be circular. See the discussion in Section 3.3.
a Times are in Barycentric Julian Date calculated directly from UTC without correction for leap seconds. Tc: Reference epoch of mid transit that minimizes the correlation with the orbital period. T12: total transit duration, time between first to last contact; T12 = T34: ingress/egress time, time between first and second, or third and fourth contact.
b Reciprocal of the half duration of the transit used as a jump parameter in our MCMC analysis in place of a/R⋆. It is related to a/R⋆ by the (Bakos et al. 2010 ).
c Scaling factor applied to the model transit that is fit to the HATSouth light curves. This factor accounts for dilution of the transit due to blending from neighboring stars and over-filtering of the light curve. These factors are varied in the fit, with independent values adopted for each HATSouth light curve. The factors listed for HATS-50 are for the G580.4 and G625.3 light curves, respectively. For HATS-51, we list the factor for 601.2. For HATS-52 the listed factor is for G606.1. For HATS-53, the listed factor is for G610.4.
d Values for a quadratic law, adopted from the tabulations by Claret (2004) according to the spectroscopic (ZASPE) parameters listed in Table 5 .
e The 95% confidence upper limit on the eccentricity determined when √ e cos ω and √ e sin ω are allowed to vary in the fit.
f Term added in quadrature to the formal RV uncertainties for each instrument. This is treated as a free parameter in the fitting routine. In cases where the jitter is consistent with zero, we list its 95% confidence upper limit.
g Correlation coefficient between the planetary mass Mp and radius Rp estimated from the posterior parameter distribution.
h The Safronov number is given by Θ = 1 2 (Vesc/V orb ) 2 = (a/Rp)(Mp/M⋆) (see Hansen & Barman 2007) .
i Incoming flux per unit surface area, averaged over the orbit.
Mass upper limit for HATS-50c
In sect. 2.3 we have discussed the possibility that HATS-50 may host another planet (HATS-50c) with a shorter orbital period (0.77 days). This putative planet could be the cause of the substantial residuals of the RV measurements of HATS-50, which are showed in Figure 3 (top-left panel) after removing the model for planet b. We have therefore deeply investigated this possibility. Figure 11 shows the RVs for HATS-50, after subtracting the orbital variation due to the confirmed transiting hot Jupiter, and phase-folded at the period of the candidate inner transiting planet. The line shows the best-fit circular orbit at this period, while the shaded region shows the 1-σ uncertainty bounds on this model. We find the RVs are consistent with no variation at this period, with a best-fit RV semi-amplitude of K = 8.4 ± 11.8 m s −1 . The 95% confidence upper limit on the mass of the candidate inner transiting planet is thus M pl,c < 0.16 M J .
SUMMARY AND DISCUSSION
Having now exceeded 50 discoveries 5 , HATSouth turns out to be one of the most efficient ground-based survey for detecting transiting exoplanets. Thanks to Figure 11 . Phased high-precision RV measurements for HATS-50, after subtracting the orbital variation due to the confirmed transiting hot Jupiter, HATS-50b, and phasefolded at the period (0.77 days) of the candidate inner transiting planet, HATS-50c. The line shows the best-fit circular orbit at this period, while the shaded region shows the 1-sigma uncertainty bounds on this model. The instruments used are labelled in the plots.
systematic photometric observations of southern-sky regions with the HATSouth robotic telescopes, we have presented the discovery of four new hot Jupiters, namely HATS-50b, HATS-51b, HATS-52b and HATS-53b. After their detection with the survey facilities, their planetary nature was robustly confirmed through photometric follow-up observations, and extensive RV measurements, as described in the previous sections.
All the photometric and spectroscopic data that we have collected were used for fully characterizing these new exoplanetary systems. From the analysis of the parents stars we found that they are G-type main-sequence stars and have very different ages. While HATS-50 and HATS-52 are young (≈ 1.2 Gyr), HATS-51 has an age similar to the Sun (≈ 4.7 Gyr), and HATS-51 appears to be very old (≈ 9.0 Gyr). Three of them resulted to be metal rich Figure 12 shows the positions of the four new HATS planets in the current planet period-mass diagram. They are plotted together with all the other known transiting hot Jupiters, i.e. exoplanets having a mass in the range 0.3 M J < M p < 5 M J and an orbital period less than 10 days (data taken from the TEPCat catalogue 6 on October 30, 2017). While HATS-51b and HATS-53b have a similar Safranov number (see Table 6 ) 6 The Transiting Extrasolar Planet Catalogue (TEPCat) is available at http://www.astro.keele.ac.uk/jkt/tepcat/ (Southworth 2011). and are located in regions of the diagram where the hot Jupiters are very packed, HATS-50b and HATS-52b are in less-populated regions of the diagram, highlighting the well-known desert of low-mass Jupiters and Neptunes at low orbital periods (e.g. Mazeh et al. 2005; Benítez-Llambay et al. 2011; Mazeh et al. 2016) .
The inflated size of HATS-50b, HATS-51b and HATS53b is evident from Figure 13 , in which the mass-radius diagram of known transiting exoplanets (with mass and radius up to 2.5 M J and 2.0 R J , respectively) is shown. The three planets exhibit a similar density. Instead, due to its mass, HATS-52b occupies a zone a slightly apart from the other three and from the crowd of giant exoplanets, similar to the physical characteristics of WASP36b (Mancini et al. 2016) and Kepler-17b (Désert et al. 2011) . Moreover, since the stellar radiation that it receives from its star is ≈ 2.6 × 10 9 erg sec −1 , HATS-52b is very hot (T eq = 1834 ± 73 K) and belongs to the pM class of hot Jupiters, according to the terminology of Fortney et al. (2008) 7 . The panels of Figure 14 show the position of the four planets in the mass-density diagram of the currently known transiting exoplanets. Each planet is compared with five different theoretical models estimated by Fortney et al. (2007) . Each model has a different core of heavy-elements, i.e. 0, 10, 25, 50, and 100 Earth mass and each panel shows models that were estimated for different values of planet-star separation and stellar age, as explained in the caption of the figure. The four planets have densities comparable with models of core-free planets. One pontential explanation could be that the planets are bloated which would provide the incorrect impression of a too small core mass (Thorngren & Fortney 2017 ). An alternative explanation would be that relatively low opacities would allow gas runaway accretion also for lower core masses (Mordasini 2014; Ormel 2014) . In a recent investigation based on results of the Juno mission the core mass of Jupiter was estimated to be in the range between 7 − 25 Earth mass (Wahl et al. 2017 ) which points to a relatively small core mass.
Finally, we would like to remark the possible existence of an inner planet in the HATS-50 planetary system. The analysis of the photometric data of the HATSouth survey has actually revealed a small transit signal with duration of 46 minutes (see Fig. 2 ), yet with a SDE below our threshold for selecting it as a planet candidate. The radius, estimated from the best-fitting model of the HATS photometry and the upper limit of its mass, as coming from the RV measurements, suggest that this putative planet c has physical characteristics of a super Neptune. Its short periodicity (0.77 days) place it in the Neptune desert, thus making it an interesting candidate to possibly confirm or invalidate with more performing astronomical facilities, as the next space telescope TESS will be. (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/consortium). (10, 25, 50 , and 100 Earth mass) and another without a core (Fortney et al. 2007 ) are plotted for comparison. They were estimated for a planet at 0.045 au from a parent star with an age of 1.0 Gyr (top-left panel), 0.045 au and 3.16 Gyr (top-right panel), 0.02 au and 1.0 Gyr (bottom-left panel), and 0.045 au and 10 Gyr (bottom-right panel).
